Patients and animals with chronic kidney disease (CKD) exhibit profound alterations in 2 the gut environment including shifts in microbial composition, increased fecal pH, and increased 3 blood levels of gut microbe-derived metabolites (xeno-metabolites). The fermentable dietary 4 fiber-high amylose maize resistant starch type 2 (HAMRS2)-has been shown to alter the gut 5 milieu, and in CKD rat models leads to markedly improved kidney function. The aim of the 6 current study was to identify specific cecal bacteria and cecal, blood, and urinary metabolites 7 that associate with changes in kidney function, in order to identify potential mechanisms 8 involved with CKD amelioration in response to dietary resistant starch. Male Sprague-Dawley 9 rats with adenine induced CKD were fed a semi-purified low fiber or a high fiber diet (59% w/w 10 of HAMRS2) for 3 weeks (n=9/grp). The cecal microbiome was characterized, and cecal 11 contents, serum, and urine metabolites were analyzed. HAMRS2-fed rats displayed decreased 12
Introduction 26
Patients and animal models with CKD exhibit an altered gut microbiota and increased 27 gut permeability (52, 76, 78, 79) . These changes in gut milieu may occur for several reasons, 28 including diet (i.e., decreased dietary fiber intake), prolongation of intestinal transit time, and 29 influx of uremic retention solutes (30) from the systemic circulation into the colonic lumen. URS 30 are metabolites that accumulate in the blood and tissues of CKD patients and animal models 31 due to the decline in the number of functioning nephrons (68, 72) . In CKD patients the 32 concentration of urea in the intestinal fluids is similar to its serum concentration. Urea, at 33 concentrations found in stable end-stage renal disease (ESRD) patients, has been shown to 34 significantly reduce the epithelial tight junction proteins in human colonocytes. The damaging 35 effect of urea was greatly amplified in the presence of urease, an enzyme that is abundantly 36 expressed by numerous gut microbial species (77). Earlier studies by the Vaziri lab have shown 37 marked alterations of the gut microbiome in rats and humans with advanced CKD (75). The 38
Training data were scaled and centered to unit variance prior to model development, while test 171 data were scaled and centered using the means and standard deviations from the training data. 172
Metabolites of interest were identified with training data using variable importance in projection 173 (VIP) measurements from bootstrapped PLS-DA models. VIP is a weighted measure of the 174 contribution of each metabolite to discriminate the classification groups (low fiber vs. HAMRS2). 175
A VIP score of ≥ 1 has been argued as an adequate threshold to determine discriminant 176 variables in the PLS-DA model (40, 83) ; therefore, we used this criterion as a cutoff to assess 177 which metabolites provide discriminate information in the models. Metabolites that had a 178 bootstrapped VIP ≥ 1 and an FDR corrected MWU p-value ≤ 0.05 were chosen for inclusion in 179 final PLS-DA models. Model performance was assessed based on the model's ability to 180 accurately predict the classification of the test set animals using data from the training set. Final 181 models were able to predict the classification of the test set animals with 100% accuracy. 182
Variance explaining group classification related to dietary differences were visualized in scores 183 plots using scores from the first two dimensions in PLS-DA models. In these scores plots, each 184 symbol represents a single rat and group membership are represented by shape and color. 185
Group confidence regions are represented by ellipses based on 95% confidence intervals 186 determined by Hotelling's T 2 . Rats whose symbols are closer to one another have a more 187 similar metabolite profile, whereas rats with larger distances from each other have dissimilar 188 metabolite profiles. Principal Component Analysis (PCA) scores plots from rats used in the 189 validation model can be found in Figure 1 . Metabolites used to generate these plots were the 190 same that were used to generate the PLS-DA scores plots for serum, urine, and cecal 191 metabolites. PCA is an unsupervised multivariate analysis, meaning that the model is 192 generated without information regarding treatment groups. 
HAMRS2 significantly altered cecal milieu and microbiota 207
Cecal characteristics and bacterial phyla summary are depicted in Table 1 . The cecal 208 contents of HAMRS2-supplemented rats were significantly more hydrated than low fiber-fed 209 rats; this is consistent with fecal hydration data previously reported for these animals (74) . 210
Cecal tissue weight was significantly greater and cecal content pH was significantly reduced in 211 the HAMRS2 fed rats. Rats consuming HAMRS2 harbored a distinct cecal microbiota 212 compared to those fed the low fiber diet, as indicated by Principal Coordinates Analysis (PCoA) 213 of the unweighted UniFrac metric (42), for which 44% of the variation in bacterial composition 214 could be explained by the inclusion of HAMRS2 in the diet (see separation along the PC1 215 dimension, Figure 2A ). There were, on average, 15% fewer observed bacterial species in the 216 cecum of the HAMRS2 group.
Detailed bacterial abundance data can be found in 217 Supplemental Table S1 . The relative abundances of Actinobacteria and Proteobacteria were 218 significantly greater, and Firmicutes were significantly reduced, in the HAMRS2-fed ratscompared to low fiber-fed rats. HAMRS2-fed rat ceca contained a 66% higher ratio of 220
Bacteroidetes to Firmicutes (B:F) when compared to the low fiber-fed rats despite no significant 221 difference in the proportions of Bacteroidetes between groups (Table 1) . 222
Percent changes of select bacteria in HAMRS2-fed CKD rats relative to low fiber CKD 223 controls are shown in Figure 2B . Within the Actinobacteria phylum, proportions of the genus 224
Bifidobacterium were significantly greater in the HAMRS2-fed rats which had an average 225 relative abundance of 1.11% compared to low fiber-fed rats which had 0.62% (p=0.002). Within 226 the Bacteroidetes phylum, proportions of the family Barnesiellaceae were greater in the 227 HAMRS2-fed rats compared to low fiber-fed rats, at 0.30% vs. 0.15%, respectively (p=0.0003). 228
The HAMRS2 rats also had greater proportions of the Bacteroidetes family S24-7 compared to 229 the low fiber group, with 9.75% and 3.58% abundance, respectively (p=0.0003). Conversely, 230 the Bacteroidetes genus Prevotella was reduced in the HAMRS2-fed rats compared to low fiber-231 fed rats, with 0.11% and 0.05%, respectively (p=0.0004). Although the total numbers of 232 bacteria within the Firmicutes phylum declined with HAMRS2 consumption, there were strikingly 233 higher proportions of bacteria within the genus Allobaculum, with 0.56% relative abundance in 234 the low fiber group and 15.43% in the HAMRS2-fed rats (p=0.003). Similarly, Faecalibacterium 235 also had greater proportions in the HAMRS2 group with 0.84% compared to 0.71% in the low 236 fiber group (p<0.05). Ruminococcus, another genus within the Firmicutes, was higher in the 237 HAMRS2 group with 21.27% compared to 5.86% in the low fiber group (p=0.0003). The 238 following Proteobacteria proportions were significantly enriched in rats fed HAMRS2: order 239 RF32 (Alphaproteobacteria), genus Sutterella (Betaproteobacteria), family Enterobacteraceae 240 (Gammaproteobacteria). There was a significant reduction in the family Desulfovibrionaceae 241 (Deltaproteobacteria) in the HAMRS2 fed rats compared to the low fiber group. 242
HAMRS2 significantly alters cecal, serum, and urine metabolite profiles
Partial least squares-discriminant analysis (PLS-DA) scores plots for metabolomics 244 results in cecal contents, serum, and urine of rats used for statistical model generation are 245 shown in Figure 3 . In these plots, it is readily apparent that variance in selected metabolites 246 can discriminate rats in the low fiber group compared to the HAMRS2 group. Annotated 247 metabolites that were featured in PLS-DA models are listed in Tables 2-4 (note that non-248 annotated metabolites are not listed, for brevity). A general pattern of metabolite changes in the 249 cecal contents, serum, and urine is presented in Table 6 . All of the metabolomics data 250 including non-annotated and annotated metabolites identified in cecal contents, serum, and 251 urine can be found in Supplemental Table S2 . 252
Cecal Metabolites 253
A total of 465 cecal metabolites were detected using the GC-TOF analytical platform. Of 254 these, 202 metabolites were annotated in the metabolite database; the remaining metabolites 255 were non-annotated and labeled with a numerical BinBase ID (Supplemental Table S2A ). A 256 total of 256 metabolites had an adjusted P-value ≤ 0.05 and a mean bootstrapped VIP ≥ 1 in the 257 PLS-DA model; of these, 109 metabolites were annotated ( Table 2 ). The majority of cecal 258 metabolites were markedly reduced in the HAMRS2 group compared to the low fiber group 259 (Column "F" in Supplemental Table 2A ). Three metabolites that were higher in the HAMRS2-260 fed rats were lactose, succinic acid and the resistant starch breakdown product maltose. The 261 following cecal amino acids were significantly reduced in the HAMRS2 fed group: aspartic acid, 262 isoleucine, leucine, lysine, methionine, phenylalanine, serine, and valine. Other nitrogenous 263 metabolites that were significantly reduced in the HAMRS2 rats include: adenine, creatinine, 264 indole-3-lactate, inosine, methionine sulfoxide, thymidine, uracil, urea, uric acid, uridine, and 265 xanthine. The sugar alcohols 1,5-anhydroglucitol, galactinol, myo-inositol, and xylitol were also 266 reduced in the HAMRS2-fed rats. 267
Serum Metabolites
A total of 300 serum metabolites were detected, 145 of which were annotated 269 (Supplemental Table S2B ). The abundances of 20 metabolites were found to be significantly 270 different between treatment groups; 12 of which were annotated (Table 3) . Two xeno-271 metabolites derived from microbial metabolism of tryptophan, indole-3-acetate and indole-3-272 lactate, were higher in the HAMRS2 fed rats. Two DNA bases, cytosine and thymidine, were 273 reduced in the serum of HAMRS-fed rats. Another nitrogen-containing metabolite, uric acid, 274 was reduced in the HAMRS2-fed rats compared to low fiber-fed rats. Two polyols, erythritol and 275 xylitol, were greater in the HAMRS2 rats compared to low-fiber rats, respectively. Another 276 polyol, 1,5-anhydroglucitol, was reduced in the HAMRS2-fed rats. The organic acids fumaric 277 acid and malic acid were greater in the HAMRS2 fed rats. The ketone body β-hydroxybutyric 278 acid was also greater in the HAMRS2-fed rats. 279
Urine Metabolites 280
In urine, 276 metabolites were detected and of these, 143 metabolites were annotated 281 (Supplemental Table S2C ). Abundances of 114 metabolites were significantly different 282 between treatment groups; 47 of which were annotated (Table 4) . There were 23 annotated 283 metabolites for which concentrations were significantly increased in HAMRS2 rats. Tartaric acid 284 was particularly noteworthy in the HAMRS2-fed rats; this metabolite had the highest VIP and 285 greatest change of any urine metabolite. Three xeno-metabolites resulting from microbial 286 metabolism were lower in the HAMRS2 group: 2,8-dihydroxyquinoline, 3-(3-287 hydroxyphenol)propionic acid, and 3-hydroxyphenolacetic acid. Concentrations of several 288 amino acids were also higher in the HAMRS2 rat urine compared to the low fiber group: i.e., 289 alanine, isoleucine, taurine, and tyrosine. The following sugars were higher in the HAMRS2 290 urine compared to the low fiber group: erythritol, fucose, inulotriose, maltose, ribose, sucrose, 291 and xylitol. Several fatty acids were reduced in the HAMRS2 compared to the low fiber group: 292 capric, caprylic, heptadecanoic, myristic, and palmitic. The urine metabolomics dataset is also 293 presented as estimated 24 hour excretion for each metabolite, in Supplemental Table S2D . 294
HAMRS2 alters uremic retention solutes 295
Trends in URS metabolite concentrations in the cecal contents, serum, and urine are 296 compared in Table 5 . Overall, most URS were reduced in cecal contents, with the exceptions 297 of putrescine, erythritol and mannitol. Serum metabolite trends did not always track cecum 298 concentration patterns, perhaps due to the dynamics of gut absorption coupled to kidney 299 excretion-both of which would impact the net accumulation in the blood pool. For instance, 300 cecal creatinine was 52% lower in the HAMRS2-fed rats, but this marked reduction was less 301 apparent in serum. Urine creatinine concentration, on the other hand, was robustly increased. 302
This may be due to improved creatinine clearance or reduced CKD-induced muscle wasting in 303 the fiber fed rats. Notably, the metabolomics results for urinary creatinine were consistent with 304 results from our previous report that utilized a more traditional enzyme-based creatinine assay 305 (74); the values from the two types of analyses had a Spearman's correlation coefficient of 0.77 306 (p<0.0001). Urea was reduced by 79.0% in cecal contents, yet there was no change in serum; 307 the latter is consistent with previous findings from these rats in which an enzyme-based urea 308 assay was employed (74). Levels of uric acid were significantly lower in the serum and cecal 309 contents, and ~50% higher in the urine of rats fed HAMRS2. HAMRS2-fed rats had 65.7% 310 lower indoxyl sulfate in the urine and 36% lower abundance in the serum. Indoxyl sulfate was 311 not reported as detectable in the cecal contents, consistent with the idea that the sulfate 312 metabolite is produced by the host from microbe-derived indole (15). There were several other 313 examples in which the various metabolite pools differed in the directionality of concentration 314 between the treatment groups. For instance, there was no significant difference in urine and 315 cecal indole-3-acetate between treatment groups, yet its serum level was 615% greater in the 316 HAMRS2-fed rats. Indole-3-lactate abundance was reduced by ~70% in the cecal contents and 317 >50% in urine of HAMRS2-fed rats, yet its serum abundance was 135% higher compared to 318 low-fiber fed rats. p-cresol, derived from microbial transformation of tyrosine, was reduced by 319 47% in the urine of the HAMRS2 group, but was not reported as detectable in the serum or 320 cecal contents. Hippuric acid was reduced by >70% in the urine of HAMRS2 fed rats and not 321 reported as detectable in the serum or cecal contents. Erythritol concentration was greater in 322 serum and urine of the HAMRS2-fed rats, but was not different in cecal contents. Mannitol was 323 reduced in the serum but increased by >200% in the cecal contents of the HAMRS2-fed rats; 324 there was no change in urine abundance. No differences were observed in serum or urine 325 abundances of myo-inositol; however, cecal content abundance was reduced in the HAMRS2 326 group. Phenol was not reported as detectable in the serum, and was reduced by >70% in the 327 urine and cecal contents of the HAMRS2-fed rats. 328
Spearman's correlations between kidney function-relevant phenotype data, URS 329 metabolites and the cecal bacteria for all rats are depicted in Figure 4 . Cecal bacteria were 330 included based on having greater than 0.05% mean relative abundance present in each group 331 and an adjusted p-value ≤ 0.05 when comparing microbiome differences between treatment 332 groups. Several bacteria groups were associated with improved kidney function as measured 333 by creatinine clearance, which co-varied with cecal changes reflective of HAMRS2 diet (i.e., 334 cecal tissue weight, reduced pH, cecal hydration). These included, for instance, the 335
Bacteroidetes families S24-7 and Barnesiellaceae, the Firmicutes genus Ruminococcus, and 336 the Proteobacteria genus, Sutterella. The suite of bacteria that correlated with improved kidney 337 function also had negative correlations with cecal URS compounds such as creatinine, indole-3-338 lactate, spermidine, urea, uric acid, phenol, and myo-inositol. 339
Discussion 341
Resistant starch may improve CKD outcomes by altering the gut environment and hence 342 systemic exposure to certain metabolites or other gut-derived factors that may impinge upon 343 inflammation and kidney function. Relevant to this concept, a microarray study of cecal tissue 344 gene expression in healthy rats fed HAMRS2 revealed that genes involved in cell growth, 345 proliferation, differentiation, mucin production, and tissue structure were differentially expressed 346 compared to low fiber-fed rats (33); these changes may aid in reducing translocation of harmful 347 substances into systemic circulation. In the current study, HAMRS2 increased cecal tissue 348 
kidneys. 355
Significant reductions in several cecal content amino acids were observed which may be 356 due to an increased need for nitrogen to maintain protein synthesis if bacteria are reproducing 357 more rapidly (or, if there are more bacteria) and gut tissue growth is enhanced; thus, under 358 HAMRS2-fed conditions the gut may be acting as a "nitrogen sink" (86). This would serve to 359 sequester nitrogen in the gut, reducing the amount that enters portal circulation and hence 360 lowering the nitrogen load on the liver and kidneys. A recent study found conventional mice had 361 lower amino acids entering the hepatic portal vein compared to germfree mice. The authors 362 attributed the lower level of amino acids to increased synthesis of microbial biomass (44). 363
Another interesting consideration is that HAMRS2 feeding might elicit increases in gut 364 urea transporters; this would facilitate bacterial protein synthesis under conditions of resistant 365 starch feeding, considering the microbial conversion of urea to amino acid backbones. This 366 could partially explain why resistant starch reduced blood urea in non-CKD animal models (32, 367 87). That said, in our CKD rats, metabolomics analysis revealed no diet-associated differences 368 in serum urea. This may be due to reduced distal tubular urea reabsorption, which is a major 369 component of the urine concentrating process and is disturbed in chronic interstitial nephropathy 370
(25). It should be noted that HAMRS2, unlike many cereal fibers, is completely devoid of 371 protein and therefore may be better suited at reducing the nitrogenous load on host liver and 372 kidneys as well as reduce microbial fermentation of amino acids in the colon (4, 14) . 373
To further explore relationships between metabolite abundances, cecal characteristics 374 and specific microbe populations, a cross-correlation plot was created which revealed a variety 375 of significant associations (Figure 4 ). This analysis is hypothesis-generating; i.e., one may ask 376 if HAMRS2-driven reductions in cecal urea are the result of increasing urea utilization by 377 microbes that display a negative correlation with urea concentration (Allobaculum, e.g.). Other 378 possibilities for decreased cecal urea include trapping of urea and its degradation products by 379 HAMRS2 or its HAMRS2 breakdown products, urea dilution in larger volume of the cecal 380 content, or rapid elimination of urea occasioned by shortened fecal transit time. These events 381 can simultaneously lower the detectable urea in cecal fluid and minimize enterohepatic recycling 382 of urea. Increased amounts of urea and its breakdown products such as ammonia have been 383
shown to increase gut permeability (9, 77). Ammonia is generated by the microbial metabolism 384 of urea by the enzyme urease, which can be further converted to ammonium hydroxide. 385
Ammonium hydroxide increases intestinal pH and can lead to disruption and loss of the 386 intestinal tight junction proteins and thereby increase gut permeability (9, 78) . 387
Recent study of the fecal microbiota in patients with end-stage renal disease has shown 388 a marked expansion of bacteria that possess the urease enzyme, as well those expressing 389 enzymes that ferment aromatic amino acids and produce indoles and p-cresol (84). Microbialaromatic amino acid fermentation that results in the production of metabolites such as phenol, 391 and microbial proteases that can act as virulence factors and target the host epithelium, are 392 more active at a neutral or basic pH (43, 61, 62) . Phenol, which was reduced in the cecal 393 contents and urine of HAMRS2-fed rats, has been shown to have toxic effects on human colonic 394 epithelial cells in vitro and contribute to increased intestinal permeability in CKD (36). The net 395 effect of HAMRS2-associated cecal metabolite changes may be a reduction in the systemic 396 exposure to potentially harmful URS metabolites in CKD such as the microbial-derived indole 397 (converted to indoxyl sulfate by the host) and p-cresol. Metabolomics analysis revealed 398 reductions in urinary levels of these URS metabolites and both were important in discriminating 399 dietary treatment groups in PLS-DA models. Recently, it was shown that supplementing 400 patients on hemodialysis with 15 grams per day of resistant starch for 6 weeks reduced plasma 401 levels of unbound indoxyl sulfate (60), consistent with the results herein for CKD rats. It should 402 be noted that indole itself may not be harmful and beneficial effects of indole and indole-3-403 acetate have been reported (5, 31). Some of the most robustly-increased serum metabolites in 404 HAMRS2-fed CKD rats were indole-3-acetate and indole-3-lactate, despite unchanged or 405 reduced levels in cecum and urine. The basis for this is not known, but it is speculated that 406 resistant starch feeding increases microbial production of metabolites and/or effects changes to 407 transporters or kidney reabsorption, which in turn drives relative accumulation in the blood pool. 408
Another metabolite altered by HAMRS is uric acid. Uric acid and oxalic acid are normally 409 excreted in the urine; however, in chronic renal failure the colon replaces the kidney as the 410 primary site of their excretion (28, 29) . This adaptive response may account for the minor rise in 411 serum oxalic acid observed in HAMRS2-fed rats compared to the low fiber group 412 (Supplemental Table S2 ). 413
Many other non-URS metabolites were also altered by HAMRS2 feeding. The 414 metabolite with the greatest change was urinary tartaric acid, which was >800% greater in the 415 HAMRS2 group. Tartaric acid is generally associated with grape and wine consumption, so the 416 etiology behind this striking increase remains to be elucidated. It likely involves HAMRS2-417 associated changes in gut microbe ecology and metabolism of chow components. Two other 418 urinary metabolites that were significantly elevated in the HAMRS2 group were furoylglycine 419 and levoglucosan. These metabolites have been reported to form due to heating foods at high 420 temperatures and may have occurred during the manufacturing process of the rodent diets (10, 421 48). Increased levels in the urine may reflect enhanced urinary excretion in the HAMRS2 group 422 due to improved kidney function. Other metabolites that have been reported to be modulated by 423 the gut microbiota were also changed in the HAMRS2 group. Urinary hippuric acid was 424 significantly reduced in the HAMRS2-fed rats. This metabolite can be formed in a few ways, 425 one of which is by microbial metabolism of aromatic amino acids to form benzoic acid which the 426 host can then conjugate with glycine to form hippuric acid (39, 82). Interestingly, the hippuric 427 acid precursor benzoic acid was significantly reduced in the cecal contents and urine; there was 428 no change in serum levels. Another microbial-derived metabolite, 3-(3-hydroxyphenyl)propionic 429 acid (HPHPA), was reduced by ~85% in the urine and ~100% greater in the cecal contents of 430 the HAMRS2-fed rats. Elevated urinary HPHPA levels have been found in individuals with 431 autism and these levels decreased after antibiotic treatment, the latter speaking to the microbial 432 origins of this xeno-metabolite (59). Several metabolites that have been reported to have 433 antimicrobial activity were also changed in the HAMRS2 group including: 4-hydroxybenzoic 434 acid, 3,4-dihydroxybenzoic acid, phenylacetic acid, 3-hydroxyphenylacetic acid, 4-435 hydroxyphenylacetic acid, and 3, 4-dihydroxyphenylacetic acid (13). In summary, changes in 436 xeno-metabolites appear to reflect the dramatic shifts that occur in the gut microbiota with both 437 HAMRS2 consumption and CKD. 438
The HAMRS2-fed rats exhibited less microbial diversity than the low fiber-fed rats. More 439 microbial diversity is generally associated with a healthier phenotype (2). However, thedecrease in diversity observed in the HAMRS2 rats is likely due to the homogeneous 441 composition and configuration of HAMRS2. Decreased microbial diversity upon feeding 442 resistant starch has been previously reported (70). HAMRS2 is composed solely of glucose 443 with α-1,4 bonds (3). Fibers with a variety of monosaccharides and bond types likely select for 444 a more diverse microbial population simply by providing a wider array of substrates. A 445 significant increase in the Bacteroidetes:Firmicutes ratio was observed in the HAMRS2-fed rats. 446
A starch-related increase in the Bacteroidetes:Firmicutes ratio has been reported in previous 447 studies and has generally been associated with a healthy gut microbial community (67, 69) . 448
Despite an overall reduction in Firmicutes, there was a bloom in the specific Firmicutes genera 449
Ruminococcus. Ruminococcus bromii has been described as a primary starch degrader that 450 provides substrates to other bacteria (89). We found that the relative abundance of 451
Ruminococcus and several other bacteria had negative correlations with cecal content pH. The 452 decrease in pH is likely due to increased microbial fermentation of the HAMRS2, resulting in 453 increased production of short-chain fatty acids such as acetate, propionate, and butyrate (7, 46) . 454
A decreased intestinal pH is thought to be beneficial to the host by altering gut bacteria (i.e. 455 changes in metabolite production/utilization, growth, virulence factors) and maintaining the 456 integrity of the intestinal epithelium (57, 66). Another Firmicutes genera that was substantially 457 higher in the HAMRS2-fed rats was the butyrate-producer Allobaculum, which has been 458 associated with a lean phenotype and found to be increased in aged mice fed HAMRS2 (54, 459 67). However, Allobaculum has also been negatively correlated with colonic tight junction and 460
anti-inflammatory gene expression in the colon (37), making its putative role in host health less 461
certain. 462
The HAMRS2-fed group had an increase in the phylum Proteobacteria, with a bloom in 463 order RF32 (Alphaproteobacteria) and the genus Sutterella (Betaproteobacteria). There is 464 scant information related to Sutterella; this genus has been found to be elevated in the fecesand intestinal biopsies of children with autism (80, 81), and in feces from dogs with acute 466 hemorrhagic diarrhea (65). We did observe decreased levels of the family Desulfovibrionaceae 467 (Deltaproteobacteria) in the HAMRS2 rats. Bacteria from this family are capable of producing 468 sulfide which may disrupt disulfide bridges in the protective mucus layer leading to increased 469 intestinal permeability (38, 50) . This bacteria has also been found to be increased in mice fed a 470 high-fat diet and reduced by pre-biotic supplementation (18) . 471
The intent of this study was to determine if HAMRS2-associated alterations in specific 472 gut microbes as well as cecal, serum, and urine metabolites are correlated with one another and 473 associate with the positive gut and renal outcomes previously reported for these rats (74); this 474 has identified potential mechanisms by which resistant starch impacts kidney function and 475
ameliorates CKD.
To demonstrate this, the diet was supplemented 59% by weight with 476 HAMRS2, which is a high amount relative to dietary supplementation in humans but is a level 477 certain to elicit marked alterations in gut microbiota in this proof-of-principle experiment. Supplemental TABLES S2A-D. Cecal, serum, urine and 24 hour urine metabolites in male 780 CKD rats fed a low fiber diet or HAMRS2. n=9/group. 781 782 FIGURE 1. Principal Coordinates Analysis scores plots of cecal contents, serum, and urine 783 metabolites from male CKD rats in the model validation group fed a low fiber diet or HAMRS2.
784
Ellipses represent 95% confidence intervals based on Hotelling's T2 statistic and each symbol 785 represents a rat. Metabolites that contributed to these plots can be found in Tables 2-4 . 786
Metabolomics was performed on 9 rats per group, model developed using 6 rats per group and 787 model validation was performed using 3 rats per group. 788 789 FIGURE 2A. Unweighted UniFrac Beta-Diversity Principal Coordinates Analysis plot displays 790 separation between treatment groups based on the cecal microbiota of male CKD rats fed a low 791 fiber diet or HAMRS2. Axes represent percent of the variance that can be accounted for based 792 on cecal microbiota profile. Ellipses represent 95% confidence intervals based on Hotelling's T2 793 statistic and each symbol represents a rat. n=9/group. 794 795 FIGURE 2B. Percent change of select cecal bacteria in CKD-HAMRS2 rats relative to the CKD-796
Low Fiber group. Bacteria included had a minimum of 0.05% mean abundance in each group 797 and p-value ≤0.05. Bacteria are listed to the lowest level of classification (i.e. if last taxon 798 assignment is f_, family is the lowest level of classification. p_=phylum, o_=order, f_=family, 799 g_=genus). n=9/group 800 801 FIGURE 3. Partial Least Squares-Discriminant Analysis scores plots based on serum, urine, 802
and cecal metabolites of male CKD rats fed a low fiber diet or HAMRS2. Ellipses represent 803 95% confidence intervals based on Hotelling's T2 statistic and each symbol represents a rat.
804
Metabolites that contributed to these plots can be found in Tables 2-4 . Metabolomics was 805 performed on 9 rats per group, model developed using 6 rats per group and model validation 806 was performed using 3 rats per group. QIPH: Quantifier Ion Peak Heights 807 808 FIGURE 4. Spearman's correlation matrix of cecal bacteria versus meta-data and uremic 809 retention solutes in cecal contents, serum, and urine of male CKD rats fed a low fiber diet or 810 HAMRS2 . Bacteria included had a minimum of 0.05% mean abundance in each group and an 811 adjusted Mann-Whitney U p-value ≤0.05. Bacteria are listed to the lowest level of classification 812 (i.e. if last taxon assignment is f_, family is the lowest level of classification. p_=phylum, 813 o_=order, f_=family, g_=genus). Metabolites were selected based on being identified as URS.
814
Those metabolites that had a mean bootstrapped VIP≥1 are indicated with an asterisk (*).
815
Colonic tight junction data was imputed for two rats per group using k-nearest neighbors as 816 described in the materials and methods. Direction of ellipses represent positive or negative 817 correlation and width of ellipse represents strength of correlation (narrow ellipse=stronger 818 correlation). models derived from training data (n = 6 animals per group). 
Other Metabolites

